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Abstract

Abstract

Systems of ultracold bosonic gases in optical lattices represent nowadays a popular
research topic, as they establish a versatile bridge between the field of ultracold quantum
matter and solid-state systems. In particular, they can be experimentally controlled with a
yet unprecedented level of precision. With this it allows for a clear theoretical analysis and
which are even predestined as universal quantum simulators. Recent research efforts have
targeted more complex systems, because in this system the corresponding phase diagrams
become richer and more complex. In this thesis, we study the quantum phase transition
and critical properties for Bosons on optical lattice, including the superlattice system and
S-wave periodically driven system.

For optical superlattice system, due to artificially tuned, the translational symmetry
has been broken, which induced more complex quantum phase diagram and critical be-
havior. To study the phase diagram we generalize a recently established effective potential
Landau theory for a single component to the case of multi components. We find not only
the characteristic incompressible solid phases with fractional filling, but also obtain the
underlying quantum phase diagram in the whole parameter region at zero temperature.
The analytical of the critical points of the phase lobes shows the competition of Density-
Wave phase and Mott phase. Also the comparison of the phase diagram that we got with
the high accuracy of the Quantum Monte Carlo simulation proves the efficiency of the
generalization.

Then we use the Generalized Effective Potential Landau Theory method to study
the frustrated optical superlattice system. The tune of these more complicated systems
not only make the Density Wave phase appear, but also shows the new phenomenon of
the superfluid. The study of the critical behavior of Kagome optical superlattice reveals
that the bias of the anisotropy of the superfluid density is alternating between different
direction while detuning the parameter of the system.

Apart from the tune on the real space as superlattice system, another tuned optical
lattice system that we study in this thesis is the Bosons on optical lattice with a periodic
modulation of the S-wave scattering length. At first we map the underlying periodically
driven Bose- Hubbard model approximately to an effective time-independent Hamiltoni-

an with a conditional hopping. Combining different analytical approaches with quantum
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Monte Carlo simulations then reveals that the superfluid-Mott insulator quantum phase
transition still exists despite the periodic driving and that the location of the quantum
phase boundary turns out to depend quite sensitively on the driving amplitude. A more
detailed quantitative analysis shows even that the effect of driving can be described within
the usual Bose-Hubbard model provided that the hopping is rescaled appropriately with
the driving amplitude when the driven amplitude is smaller than some certain value. This
finding indicates that the Bose-Hubbard model with a periodically driven s-wave scatter-
ing length and the usual Bose- Hubbard model belong to the same universality class from
the point of view of critical phenomena.For the system of Bosons on optical lattice with
a periodic modulation of the s-wave scattering length, when the driven amplitude goes
larger, our analytical and numerical method will be not suitable. This made us turn our
interest to the newly developed numerical method-process-chain method. We first check
our program by using it to calculate the strong coupling method and effective potential
theory to high order for the Bose-Hubbard model. The result that we get comparing with
the numerical simulation result shows that we have very high accuracy. Then we use it to
study the phase diagram of the system of Bosons on optical square lattice with a period-
ic modulation of the s-wave scattering length. We found that when the driven amplitude
goes larger, the shape of phase diagram of the system will change, which indicates that we

can not use a Bose-Hubbard like effective Hamiltonian to describe the system anymore.

Keywords: quantum phase transition, superlattice, periodically-driving, superfluid, process-

chain
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Fig.1-1 Laser cooling and evaporation cooling!®!
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TR, ATUHTEFRKENREE THE. ETMHERBELNEFEL T, @
W ARGV ESECR LD, ERWRGHIRERKE TR LM
i, S RAEMNEREG SRR SNAL. NRGRE = E (&2 af bl
A, RGARE BB EAE F S5 BEUR 2 S8 0 AH AR S U2 1] ) BR AT AR 8 J A7
£ MM EIEF KRR, HJU/DERTIETT R, RGHR T 1% B S H 1
R b, R Z A B ROEE M, X0, REGAEEENEELEEE,
M ZHU/ TS T F 0, R H R — A A AT LEE RS s m) B 1 BRAE, Bk
B A L DUAE B A R BB R AR A &, RGAAE S 2B S. L
U RAEZHT NI R, R ge 2 R s ISR 2 25 BB IR &S I A A

XA N B 4 25 A PR LA AR AL & — FE S A AR . T IE AN AR R UL
R G FAT 9 IE A BT BAR ) e R, AN R G R ARG S
ERAEA R T 4R R TR 2 T+ 4B SR ARE, Rt Bl
Tt A A B e AR R W S K S+ TEX — Y BT Il SR RO
o 1 HARYE AL E IR, RGN A BA MR, R 25
For (AR R St w] DO R 0% R AF B AR A DY AN, BRIk, T B A 1 R
GUoRUL, WERIRATRE TS A G0 10 ok 2 B AN Ut 3 5 10 W A7 D, il BE R AR
] RS S

2.3 BARBHNEALRERENE

YR IETT A& M = 4EI LT i AR AR S A B RAR S S R . H R FH K
AW —HITERASLTT (ETT) kg, ARG BH —Hik K 26 o — 4
S CGETD kg, RXFEWESSESE LS n, ek —E# Ly (O
H) EAg, b, £ESEE6 AT DLk FES32nm AN 1064nmir) T B O K T X ke
Jtantk. B DR, XAOET OGS AT L OB T RGUORE R, KT
RGA IS LT RGBSR A EER Au

SR A2 kL 2 TR AR B A R, B4 RGN B E ] LLRIR A

2
ﬁ:jﬁ%hﬁm%%%+vnywiwm+§fnfm@vHmenwm (2-36)

EAR PRV R 2 PO TR EAR R BT RGAMN L JE K R B
T A GBI ILJE /R B Bwik SR IEZE, Wt 7 H AT LA Oy
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W(r) = ) au(r—r)+ Y au(r—r) (2-37)

i J
Vi)=Y awr—r)+ ) du'(r-r) (2-38)

E AR T RGAT R R RN T RGBT B e 5 Ui B
2384 Iz H FLJE /R AU I A2 PE W] BLAS 21 R G (1 5 S 2 Rk 5

~QBIJU%WVr—nﬂ—%§+WKﬂLWr—Q) (2-39)
Jpa = fd3rw*(r —r) [—% + V(r)] u(r —r)) (2-40)
Uy =g [ drlu(r)? (2-41)

Ug =g [ driw(n)l* (2-42)

pa = — [ drur(r) [—% + V(r)] u(r) (2-43)
pp =g = [ drw () [-52 + V()| w(r) (2-44)
Ap = pa — pp (2-45)

WMRERD) “RE TR R EEE, BAREEELEHE LR B v, 1
B AT I, X Fu Allw B TF B FE AN — A ] 50 1 7L

[l — B JE /R BRI € S0, RATR I, T RGe1403% H A 8 01 ) 3
BE,  [ALUE AT DASE 28 43¢ 100 6 R K At o B AR e, AT A9 24— A% il 1 BLJE R
PR R AR IA S, (R A SR T, RS WA R — A R, T — A
ar e DR R Rk B AR G 0 I ) PLJE AR B AR, TR B T SR AR R T R G
T R GBI ILJE /R e HUR A HERA KT, (E A B8 D' RS X 1A% X R R BAR
DALt 2 R i A% G H) i I A B s B SR B P A e, RIS 7 255 S B IR S A g
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Upq(1) — e"‘b”(q)un’q(r) (2-46)

T2, HAe.(Rql LR ¢.(@M k£ H EER, LUk Fe.(q) = O,
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Fig.2-5 Wannier function of superlattice system when ¢,(g) = 0
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BT RAGAN, B HZW T REBINZET KW, XA L5 R E 7 &
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2 9
[_%ﬁ + (Vo + AV) kixz} u(x) = su(x) (2-47)
2 9
[—%a—xz + Vok%xz] w(x) = ew(x) (2-48)

ERFRAVE T RGAN T R GBI RORE B EZE. H b1 27 AT
LARAS,

SV, + AV e
— 2 ’
u(x) = Texp [—fracn A /VO + AV2 (a) ] (2-49)

w(x) = 4\ il ;/F)exp [— fracn* \/;(’,2 (2)2] (2-50)

B AT DA SRS M U, MU s FIXS 22AU
(Vg + AV (v

AU A (2-51)
DA Ak S 35 ) A 6 22 A
AV +3 .V + AV =3 |V
Au = (;’/ e ‘/: (2-52)
0

T 3T R AR R TR B LGB A A i 4 AR RS, BT FRAT TR B0 A% R
WIERBE NV, = 15, T =& 7] DL 3]0 B =8 R (AT RE BT RG ML FH 2
ZME R LR E Z. NEF AT LR 2, 532 Z kg m i
FHREZEEZRGZ, KL LLZERE G LR R %
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Kl 2-6 T RGAMBRIM 2 Z ZEAH FHREZ 7=
Fig.2-6 Difference of the chemical potential and on-site repulsive potential between subsystem A and
B
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HO PR Lo

LB RIS EBEE, o] DoREFHHEASGNE THZNME. E
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24 "X BRIEBXMEIEIR
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HAVC BB A RS E R 2 2 S B M. HE, EARYP, BERENN
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2.4.1 BBiEXT IR ERIR IR
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MVEEM AN 2R RGNAAE, RGN LM, FZEANE, M
AP, RENFZSEARNE, WNE . 108 2 S 1w % il
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70038 RVRSRUL, A LUK R GEIARAE 0 P38, QiR Bl REN— B S 2E AR

-3



B 2-7 Z G0 0 PR k™)

Fig.2-7 Symmetry breaking of the system!™
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F(P) = ay + a, V% + a,¥P* + acP® — n¥ (2-54)

ERF IR AN I KA 9 T TR W, BN I ag i N E . SRR AR
AT RS E R REAEANF B S B DL T BB /MEL. W0 R T AT B AR BOAR A R 1,
2 RAEALEY = OFF) B i 52 G0 B /ML
TR, RBavIE, ERXFHLT, HBagh 23 RS i
IMEPER BRI EAR . R, ErIES AR, R%E R R Ma Mas. Ha N IE
ARG AR, — R AR Z R B R ME XS MR S R I, HAE
—a

Y| = [— 2-55
ke 2as (2-55)

iMxf F AL RY, RBa D TF, Maa KT % T RGN H H6E KA
RAME, WTRESA =, BR TIWI =025, £ A N iAT A i

-4 -



552 F )T OSCHIEA RSB KL AR R T B T RGN

F F
| T T

S ' S
T T

c | c

/l\_ j\
: =T ' T
(a) Discontinuous (b) Continuous

2-8 I S AH AR FIAN T S AH AR 3 48 2 HOon) EE

Fig.2-8 Several parameters of the discontinues and continues phase transition!”!

. —ay + A /ai — 3asag . —dy — A /ai — 3asag
7| = , YT =

3ag 3as

W RGP0 N RS E R B ME S, B AR RS KAE T AHEZ.
Kl o=arh, AT LS 2 B 2 M AR 1 H HRE AT S 2R X A, fEE
LERAR I, PSR ESLARN, MAEIRELMEN MK, FZEH 1
BEK, FEFELEAATES, RAAHAR IR, W) = O B A B AR IME, T
JEIELLAH AR BB, H I BEAE AR AR IS AE (W) = OB TS SR 2 Ml /ME, (H 2 AN /b
B, RRGEN TS Ea EBkER.

FRATPIT 22 907 I M\ SRR 46 2538 B IR A B A AR g & — P LA AR, ¥R b
T A, AR K AEAE W R fa IR R AN E. £ — A HERT
HOG ARSI BT RS H HREATE A

(2-56)
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(b) discontinuous phase transition
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Fig.2-9 Change of the free energy and order parameter of the discontinues and continues phase

transition™
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TR ZB RPN TR LS AR BRASHHEE, X—WEERE3 75
56 B UE SEM S T AR R b AF BB T % AR R R LG PR, Santos®E A
1E2009 F & H 17 ot s A 1) 4 2% G-I TE HE R 1Y, J5 Sk Dennis® K H Ok B &
B0 6 5 QMCEE B A 25 SR ) BE B A YRR B T X RO iR A R, JF By
A A BN DL S 4 RS I B S e R AEIX T, AR E RN
I O SR R B A RS G

N T R IR Tl SRR L A BB IR A M I AR, FRATE AR e R
R T FEL ) T E R R X P E A BT N A K ERRA T
T AT 2N — A F I S % 0

Asn(J, ) = g + ) (Jal + J'a;) (2-57)
J

W0 25 U A5 MO R 05 SO 2 Ry = G BN AEE . 5 5610 E A T L

F(Lﬁ):—élnrﬁe%mm“ﬁq (2-58)
XSRS E S HHBEZEPR R
1 OF(J,J*) 1 0F(J,JY)
- —_— = 2-5
N, aJ N, oJ (2-59)

EAXBNFR RGN S H N (S HURRATAT Lo B e ) Lk A AR e
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BRI RGA RS, %A A WEER AT AR H EZ A

LW y") = FIN,—y'J —yJ" (2-60)

ML FEAR e () R IE T U L, 5IN A AM IR T AT LS X A 235 R 345 21
ar oar

o= (2-61)

FEANIRILT = J* = O, 5 i ) ey 2 O [m] 3 1) JRok R G e s Wi . A I AT A
RN, REWARHBMA haet2F0 K, JFH, X (D BRI RGN
Z BN AN ZAE RGN AA RS T RAE IR . RGA B IR ME
XFNFEY = ORWIRGAE T HEAFE, X NAEyY # ORI RGA4E T IS,

EERAEE, B a2 LSRR, T DU B A E 1S R B X
XFERIE UL 73 ) BEAT FE T, T 3 th-me H B R B U (DX FR i, BRIt R
1 TR T R B

F(U,I".0) = N, [Fo(r) £ ea(0) |J|2"] (2-62)
p=1
XL RO AR BT DL Bk 2D R BRIE T T R AT 2
cop(t) = ) (~1)"al (2-63)
n=0

13 (2=39), (C=6T), M(@=62) 7] LS 21 & 48 1A 208 i & ik

1
L,y 1) = Fo(r) - ?(t)llﬂl2 + %IW +oee (2-64)

MR i A1 A2 B BE B AR, SR A B U A B AR S R] DLE R A R
ba) e T 1 I RGN T 9 T RRTTREL eo(te) = 0, FRATRE B X BRI T2 4T i

15 2

1 1 o o 2 e
A T H MDA E AR R IE R b= B ASBOR BT 5 FE 1 R IE T
MrEcE O¢, EE RA SN IE SEBUE A BN N BOSE Il AR

Q)

£t ] (2-65)

243 ZEHHBERNHEIEL

Gn RV AE 5 — B ARl A P BT U A, A R B TE B A T SR S B R
S8 I UG 1 AR K B B0, (E R i 3 B RS 06 ) A Jee, BRI 2 1) 2%
GHa T HGIANZANSHA REfR, TRBAVE T R ZMIEHET 822
M Rg.
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NTHR N 2SR RS, mEsEE, FEIANZDEBE, i,
Xt R G HEAS d AR 7S A, B S B mA S R R R N, 20m, R S
() e % il & A1) DL O
Han = = %5 Siics [y, + e
+ 3 2 [ B (R — 1) = 25 S tohio| (2-66)
e B SR, 2 E S A N S A £ O R RS 0,500y DI LA
TEATART & B AR AT A% R 2 1A R AR BRI, Uy R A IRATT R % 8 [/ — i B A A% i b
WL 2 18] I AE AR S gy U B AN [R] ot JH mh S 4 B0 RO M R A 2 3. AT
e IR RGO ARMERL B, SIANRRET = (..., )T =5 Jr), XFEN]
PLA3 2155 It i 2k 7
Agn@, 5% = Apu + ) Y (1aly, + Jja,) (2-67)
7=l
T WSROI B 2 SRR 0L, RATE R G0 E a8 T, I
Kty AT BB AR EoRUL, BRI TR A& — DN FE, HEN T
B, REERGF: — Dl = FEH (W HLRRE S B BRI, 1 288
HARRERIT T, XA RS A B n] LRI N
FA.T' 1) = N[Fo) + Q0T + -+ | (2-68)

2 R BEC (00 1 — AN T B,y (0F5TT LA B AE T AT IF
Cop(D) = ) (=" o (2-69)
n=0

ARG HTAT BIAS A il S Y S IS R T — T R G RN T RS
5, EMFSEHTEAR, HERANTFSEBREREY = @,... .y ¥ =
s o) EATR BLRIR A

(
P = (@), (a))) (2-70)

XFER] LLE 3
_10F ., 10F
Vi=Nar VTN
[ 7T DL Ak ik 4 A e 15 B R G AT R, BRI XS B, P A
K

(2-71)

24

(P, ¥, 1) = F/N, - " - T (2-72)
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AN Z AN T DUAR (AL, AT AT L 3o Xt A7 20 3ok 245 2
or R S ]
a—wl:—J,. o Ji (2-73)
PRI 2 AN T Z2 I, 2 A0 R e s R [ B e R, B U 2 ] DLE
LA RF 1 B MER B E o

20 (Z=6R), (=), FIE=22) vl &) A ZCA R LS A

(P, 97, 1) = Fo(t) + T A, ()P + - - - (2-74)
B RN 2 =) 15 3
T aJ;
Agjj= o = - (2-75)
2T gy dy;
i AR C=wR). o=1m), w15
—5;=A W _ 1 PF A,C 2-76
ZLkaJ 2!/(6]*6] = (A2(y);; (2-76)

JiT LA, AL B R BE.Co L T90 R R Ela?czEl’Jt A6 3 H AT LLE I X R E
Tt AT e IFAG 2, XA, AN AJARERE & — Ao R WA BLAR 2. FERE B
B, AR IT BT L3R LA
G' :(a(20))— {1+a(1)( (0)) t+[a(21> (a(zo)) 05(21)(04(20))

+af () ]t2-+.“} 2-77)
ZVAE B2 B S I N U B R ORS) . X TR S, I R AT R I
*&/MEEI’JF%‘%%M%?@#E%@%%%, TEFTE W T 5 B8 I A BB,

R

DetA, = 0 (2-78)
ERUAEWRAGNIELE T RENFSELZNEE, B HZA R EEA
WFr £ 7 MR E . I R E, F A T IR, SRS R 3 b
HOBAN IE SO, w e LS AR F e fE 2 — M mT DL I X 5 4t B9 BE 20 B ok
AT Ak 10 HL, RGEMMI AR 5 R T TR G0 P9 3848 BB L A 1 B A
B ZITAERNT ARG R, LREAGHD TREEN T HAS

2.5 ERMAGEAREHVEERNTE

761X B FRAI 138 FH AT A 48 3 1) 7 32 ke SR DU O R RT S T B ' AR R G
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A 01 = s+ ) (Jadh + Tia)) + Y (Jsd] + J3,) (2-79)

JEA JEB

ARG E HRE T LS @)L, X A G () W] BAE R

C244 C2AB - a. (2,2A 0‘(2’23
( ]=§§c4v } (2-80)

C2BA C2BB n=0 (ngA 0‘(2’23

SRJE R H BE A AL A AR B (=TS B R G A R (CETE) . H AT A R A
WA RGMT B ENT = (an). @), I BB AW . MR 4%
RANABR, FS5EP = (0,088 ARNFHRE, X MFHRGNAH N H &R
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ﬁ(z)tz
B0y =pOB === =0 (2-81)
425 =2 0(0) _ O O p1) — D pR) - 2 O o 2 _ 1 2
Arb R 580 = RYVD):): = Uop B = @ Uy + Ay o — 2 45) o T

S5t /NI TE SRR A 2 B S ROARAL T, AT T LA 45 0 R Py,
AO - + B +257 |
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SRR, T BR300 T 46 1RO 0 AR W 41 4 B0 BT 2 e B Rk
BR80T DS et — o 2R G P B SR AT R S 2 B A
E Guaym) = Sy = 1)+ Sy 0 = 1) = Gt Mg —pamy— (283)

SCRE 1 T 6 TR B 7 2 G 7 MR AT 7T Bl 52 S0

P = E© (ng,n5) — EO (n4 = p,ng)| /N,

P20 = [E(O) (4, np) — EO (4, np + p)] /N, (2-84)
T p = 13, T LS MO A = 20, 25 = 220, KRSl 1M A —
B Z O

te

(2-82)

o _Mmetl me 5 85
@p4(BB) /1;(8) Lin ( )
@ O 0 (0
@oap = Xopa = 2upAopp (2-86)
M =B R E:
2

® ©) \2 (0) mang  nang(1+ny) (2 1 1
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L7+ Aat 4 () 4
iy % Faly, ok i A B X b f A ARARI BER B 54T N T BB, iR
BT e = OB 1B O, IX B il X (=R3) AT 18 Fo(t = 0) = N,E@ (ng, np) -
1B B ApALTE[O, U)X 8] . 5 385 3 1) B - R AR UM R 10 2, R e
SRR RS, W, = ng = ne B TFATEAUEIN T RGN RS ARIE, SLRp4
%_AmquTE@

Mott-n: Um—-1)<u<Un—-Au (2-88)

B, RAWAEELRM, XlNng =ns—1,n4 =n, RAMBIHATE
Fn+1/2. EAFET LR X[

DW-n: (n— DU —-Au<pu<(n-1HU (2-89)
AL, A BB PR AN 25 22 18] 1 58 G BUIR T-Ape 488 N E K RS BRIT T2
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Fig.2-10 Quantum phase diagram of Bosons on square superlattice
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Fig.2-11 Quantum phase diagram of Bosons on cubic superlattice
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Fig.2-12 Critical hopping 7. of Bosons on cubic superlattice system
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Fig.3-3 Quantum phase diagram for bosons on triangular superlattice system
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Fig.3-5 the quantum phase diagram for Bosons on Kagome superlattice system

3.4 EEBIARBTHSEFERNER

FEIEEE R SRS L, T AN BUREOR 1P R XS AR, P ECoX B th i B A
PR, DAL AT BLILAE R 48 P A7 AR 25 1R S VR Rl . AEIX B, AT T3 HIQMCH) L
EHEORRU RS, HEARGH ARSHE@EREE. B EaHQMCHHE 2
BB =300, L=9. U=4.1=0.1. p} = (pF+p)/2+ pi(py) = (WIW2)/(4B1)),
H AW (W)= x(y) 77 17 1 [7] 7% i (winding number).

3-6 G A A% B T AR G I

Fig.3-6 Superfluid density of Bosons on Kagome superlattice

_44 -



553 B BHAE O f RS T B 1 2R G2 K AR B DUR I 7 R K T

I+

B 3-7 % fi) S A 5 B 2 BB BR AT 1O AR 4K
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bR X AT BEANIE#R, BRI O T R I W B & T R SR U, FloquetBé 2% A AL 1
A B A R R ARG, BRI G0 SR AAFloquetBE 41X /> A B2 SR U, A2 7l fE
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A ARE B R Y, R
l(2)) = la(t +T)) (4-3)
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W) = ) caldla(d) (4-4)
4 ERWAR @D P IRATA L F
dealt) _
el =0 (4-5)

Al e, () 5B TH B 5%, A PAAE Ney. AT BAFRATT AT LIS 21 — MR 3 2 ¢ R =,
R Floquetfe 2% IR+ 7 A6 H50 A2 AN Bl I [A] AR A0 1 o AT b ) 2R A 468 A ) T 46 38 5 1)
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Ep i
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TR B EENEE AT RAENHEF IR BRI AN A SE, HkT
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TRl Ain K, BTS2 R SR EUIR S
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FHBLA% B H AR AE 7 iR R AL B . 51 NS0 B H 557 o MBJE AT LAAS 2R AR 2% 11 9:

6[9—&211,-—,82&11,-):0 (4-9)

S —/EARIIEE, W LR RPRL T B A6 -

n; 1
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-50-



B4 ZE R S R ) S - HR S K B X e A R B 8 T T AR I S
I THT A 28 2 A 13 3 T e A — A SE R 1 LA
Floquet i £ (0)) A1 A B 1] J&E BE B e(a) 1E 1F 72 - M Flougeths % #il & [ 45 1iE B8
BOFRFIE AE B
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N TR R s R (1) 0 AR A A ] R, FRATTRR R BN R A A R
B B R E o, RN N — A AR, F B A T B
oy )M ua (1)), AL IE A /KA A S 10 31, EATH AR AR 9 (0)lua()y, B2
FEY FE I Ay /R A0 g 20 1) o ff B4l — 262 10
1 T
((Ml(l)|uz(f)>>=?](; dt (uy (Dlu(1)) (4-13)
FEY JE W A AR AR Ry 2 1) vy, AR AR 19 A @I ] LR 5 AR T Bk R K
H K
g m(oyy = emer [ ] e B smenp, (4-14)

i % % [ Floquetiit it () g
e({ni),m) = ) f(n)) + mho (4-15)

H1 F-Floquetef #0225 A & Ik, Fr LARE 7 Bom ZR Oy BB, X FF A 15 1%

fE &
WEEDOE)EAe R b AR A, w52 A B R A BLOH X R, BES

TEAS TR Ry AR BLPH X B 8 H B X 1 8t 72 1 — NFloquetfig 2 %) M. 2 A I fig &,
AR IXRE I R e B AN S AR AT BR ) 25, H 2R — M FloquetBe L # = H — 4>
PYIRe R, MIXAFREE — Bk Ui ST E M X AEIRATHE AT LA 21535 1 R i
%A

> na=N (4-16)

Z Eana =Ey (4_17)

AT XWARE &M G EE R, 85t bLE R — Ak #0068
TFloquet &2 [ 73 A7 bR 2L:
Ny 1

8a - ﬁEa +y
A, g, o B A M IE 7 35 68 8 E, Floqueth 22 1/~ 4. 11 S HpRly A B 5
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FHAMORIL, AT AR 51,
1
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v
Y=74a
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Empi, o2 A SEREFEHRBE, RO NREE, vl 2R
SR B ] 5] R R A . FRE, MO T AR FAE %, REtha Rkt
B, BEWENNOTREARFRBR, K2k R T 2 58 & &R Floquetg
P ko LM gEvE R AN AT AT DL A IR R A R T R S AR
PRGN AFES. WR D REH R EGE TS RA = H + H(),
A )AEF /N AT R VS P, Floquetfig 2 1 HE 17 5 5 5K 1 RE 2 HE P AR
[, 28 &8 b I 47 28 % 2R A b iR D 3 2 8 4 AL 1T K U FloquetRE 2K |, fH 2
MH (O KB, X — 250 B

N RATRA G NATAE LI L B YRR & eSS, BARERE BT
WRORTH i 75 28 4018, (ERAE B KA I Pisaff) S 56 /N 4 B0 S 56 A SRR B 1 45
w7 A BT SR, X B E SR eSS B AT

AT IR 2 8 2 £ R S PE S8 3l (shaken) FRIOG dh kg B AT 1) R FRATT 75 5
I RAE S B R WG IOt A%, DL dER RGNS (4= RG]
PR 2 5 (AT o — 25 R 38 1 6 b A% i 5 P SRR X A% 1 (K0 301 T35 8
TP, 3K P AR A AR AR 8 5 25 7 T AR LA [, ) X P RO 2 ik
HHOEIE L 7 AR B, T AE X AN T o BT AT PSS I A O 1A ] o 45 A PR
I A — AN /N B B IS (8] AR AL SR 22 Av(r), X, PSR 8 /L 3 1) 2 n T A
5 R

(4-19)

Av(t Av(t
E = cos | kyx + (a) + %)t + cos | —kyx + (a) - Vz( ))r] (4-20)
A
= 2 cos(wr) cos [ka + v2(t)t

B AT DA O — AN A 18] ) O A DL B2 OIS By, w) DL Bk A 1 34 AR
N
Vip(x, 1) = % cos [2k; (x — Xo(£)] 4-21)
Hrp
Xo(f) = 27rg fo t Av(t)dt (4-22)
M T fbrlab3R 7R )2 £ LI = 22 Z . T ] LA 3] S8 = v 1) S 2% 01
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Hyy = o + Viap(x, 1) (4-23)
MEAT 4 0 ) 5 8 AERE 8 L0528 2% o LS00 [
H=H,+H® (4-24)
Hor
A2
A= 2 4 Y0 cos k) (4-25)
2m 2
A PX(1)
H\(D) = —m— (4-26)

T X AR R, B ()i 2 1 B AR OB g T AT 2 A I 7R O R 2 4
PRI A 22 1) B AR 20, AR BRI S Fo b, AATE I U e 1 BAR TR
AR T BRF P ANV 2w, NinEE 7 A&7 R
ARG R T B M EPisalyse i/ N F, i ATR A I SO

0 ift <0
Av(t) = 4-27)
AVyay sin(wt + ¢)  ift >0

TRBATAT AR B A, (0 B A TE N

H,(f) = mLw?® cos (wt + ¢) (4-28)
Hor
L = A (4-29)
2w
AT EEER W, BAIGEMHEMeR NE, L
K = mLw? (4-30)
AT PLAS 3] 2R 45 1 W 25 i
o)
A= Y0 s k) + K cos(wn)x 4-31)
2m 2

R L T A e S R AT R E TR BAT AT DAAS B (IR TR D BRI —
B AR A FD:

H= —JZ ajag + ), a) + v Z A — 1) + Kcos(wt)Z if; (4-32)

P15a;%5’¢’]¢ﬂl§’];&9¢q37h¥9’] f1F'<TEE .JLE—IU\LUE’J%MIEEE*E’:MZL‘
BIU = 0. L2 A FloquetE 8 FATRI LUK I, R 4t B9 BR I TS 0A

Jeff = JJ() (%) (4'33)
Horr Jo & F B fibessel iR 8o 10 BATTRAIE 2 Gt (1 HIR 2209
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KRG b g W . HIZEEOC R LVAITE, YT, > OB, ki1 55K
ek = OB b, T4, < O, R FEER Ak = +nl04s bo 7E BB TOF (time
of filght) TS EIFEH, B2 llIRIENZE, Eo)FHEbRIENK/ NS, 1t
N 2R 40 10 55 BRI IR M 75 28 v 1k, BRI okE 7 75 AR ik R fEk = OB B, T
e B, R n A A & =08 4. SRR R G0 S SR IR E N L (R
T B R B R T B Rk = +xa0 S Lo Bl S50 8 W R 6 R GOk
TFloquetfe 2% (1) &E S T — M TR .
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Fig.4-1 TOF interference pattern of the first Brillouin zone!™!
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ARG I e 2 10 BE 2 AT LA =2 A I il 1) 28 40 1) A e B i A ok, otk
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43.1 5rfEHEXPIEEmE
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B) ) 42 fl AH B4 FH A B8, 04 '€ IE bb T-Feshbach FL 4R A7 (19S-9 BU K &, ik
U < azo MAEREIHBY, Feshbachdt 4% Bt 1T I S-1 g i & FE ] AR 7R N
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a(B) = ap, (1 ~ 5 Bo) (4-35)

E R Fap e RGN SEUN K (VBN KD, By&Feshbach 8 £,
AL IR B 58 B o FRATTZE R — AN B I 1) Jo 393 42 A8 A i i 3

B(t) = B,, + 6B cos (wr) (4-36)
ER o flH AR, SR TR (B3 4, 1£6B < |B - Bl
XFSBIEAT FETT, FHOREA B — Bl FRATTAT LIS 2] R G HIS- AU K E N

a(t) = a,, + dacos (wr) 4-37)
XA
aqy = agp,, (4-38)
i
6a = Eéif#?%%%; (4-39)

HT 200k A BRI B A e B TS- UK B, il @32 71
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AJEg ~ Vo/(QER) (4-40)
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HAER AR MAER. FE2GH T RAM RS @i R E 2 KRR,
f%%ﬂﬂ, ﬁD%ﬁ?%%*%E@/mEﬁIOEREE, AR BE T 1 B8 B ON4.572ER, T 7]
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) —m———————— AR
I /,fff"—
L ”"}J
- 40 - o .
<] I e
OO e I T R S T N S R T
0 10 20
v,/ E,

Bl 4-2 5 G ¥ B AR R 5 A e Al 1) g B o)
Fig.4-2 The energy gap between the lowest two bands™
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£ B, AN B I TR AR AL A SR 4
feh) = 5 (2 = ) = o (4-44)
1717 it P TR 22 A B SR 3050
gi() = » (n2 =) (4-45)

T 05 57 60 5 B S B i A (R, A 4 ) g B A A
Vo ONT A EEOIERIR LR L, RAVE B FH R
i A 1
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2 R AT AR B R |
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RIERITHZAGMESRE, ERAEFTHENNE, KRANESREMNH Mk
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Fig.4-6 Change of the hopping amplitude and chemical potential of the critical point with the driven
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(Eg_E?)a/[ lf CY[ i O

X F A @R bR A T, AT R 2 NKatodk BE, OB A D
Nai@s...ap ). HAR (BR3), W LASEH|
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-S%  @=a;=0
SUSY =40 a;=0,0;#00re; #0,a; =0 (4-84)
SU @ #0,a; %0
MAK (EBRD FHALEH, o B P0AEWDNTRANE, FEINLHEFT
BIAEX R, A (B R n] DI S 8 — DM, n B el LRR N
(glH'S“ H'..S%-H'|g) (4-85)
BATRR Z NKatot#, I+ H &L N
(a|db...a_)) (4-86)

an S H—-g)(glk A BrkatohE H 190, JF H A H & Slgy =)Fgl - B
A KatoBE it £ B BE % 5 A 5B 5 JC(EME) — (....), 5P A SH A ZHE.
EMER A J i X #R 1%, X B E@aas) = (ea). N T TR W, A
¥ B A WEMEH & fx /N B9 — B &5 4 77 Aok R ox, W 4E 121321, 1 A
(123121, fEX AN HAl B, i E A B HEZIEME 1) B 1 Je AT
WEMEMY IS AN #, Heanain > (12): 4 H M E R, S ANAH
A IS, o an123) < (132). X Ff 5k AT P K KatoE H FIEMESR H J7P. 2% 4 K
Vi, (2021011001 7] DL 5 iKatofE—(11003021), #RJ5 & 7] LA #E 5 SREMES] —
(1DOG)2D, 2 Ja FATEMESHEFOG)A1)(12), i J5 #5 s & ) X —
(03011012). AT H A A K. FEEMESIH, ORAH') Rm— M It E,
EAETE IR RN, BONE, HEEXN TRIIFES, HsmEa nkn o, & ok
JE=E.

T FRATT AT B ) AP 18 O 491 0 15 B FRATT B A T A KatofiE, X AN I R
RE iE BlKatoR 7~ 5 B -1 o8 15 R x 2 S M . fEKatofE 1, & — AT
e H lex) 7] L — A8k Kom. R R RGET, - DUming UG L —
NSk B MR EE A E# (linked cluster theory), WA & 1# B A4 & XL A
Drik, PRI TT DL B B AR E . B LARATT R AR B BT A A S 1 E
BEICL e E . Joib 2 JF Bk 2 B, HAd i — A8 k&R mT LUE B2 R
T BT N — A& RT3 55 — & s, BT DA — > i Sk S AT DLE i ks T
BT AR, ERBIANE, AR ER SRS, FHHAR KT
KFERAFBI T, WHwRERE b, @FRAT, TRRBL, MHrR
AN XA, BATEL AT DL MRS B A I ET SR R — AN R (B
T FERERE.

-71 -



My JR 3 MY R 2 2 i 2 648 S

R A-1 A TR RE

Table4-1 Fourth order perturbation Katolist

Algorithm Output
1. Generating all Kato trace list (30000), (21000), (20100), ..., <10101), ...,
(00003)

2. Neglect all the terms which has zero in one (03000), (02100), (02010), (00210), (01110},

end and nonzero in other end because of Eqn.Ed  (00120), (01020), (01200), (00030), (10011},

&4 (10101), (11001}, (20001),(10002), {00300}

3. Change the Kato trace list to Katolist (300), (210), (201), (021), (111), (012), (102),
(120), (003), —(012), —(102), —(210), —(300),
—(300), (030)

4. Insert the abbreviation |g) —) and {g| — (, 003), —0(12), —=(1)(2), —O(12), (111), —()(12),

order the EMEs array -(1)(2), -012), 003), 0(12), (1)(2), O12),
—0003), —003), 003)

5. Collect the same arrays and get their weight —-(1)(2), —20(12), OO3), (111)

6. Order and change them back to Katolist (003), 2(012), (102), (111)

PL2 [ i B Ak Ul B, — JLEr BLAS B1emE B, B 2 R A (ud),(duw),(Ir)
MeDER =~ W Bl T H A 1k — MR xR E, wE3a), w1 L)
Ml ERw, REMEELr > 1> u>d, R%EZERREKERTR
WA R Be ik B (rllr) .

. . . . IT ° . . . . ® .

od—;i_—’o o ke . ;‘—_bo‘—_-bo 0.__’Tolk .

[ ] [ L [ ] l.T ] [ ] ] [ ] [ ] ] [ ]
(a) (b) (c) (d)

K 4-9 DUB RS i <5407 1B
Fig.4-9 One 4th order topological equivalent arrow diagrams of the square lattice.
ER2I A T Z B2 5, BATTT B2 R8RSt B FR 1 R 46 s P i) 2 i
MG D T . X TS AR Z . S A B A R B . TS B
HEGEAHOZE R ERE . TR A RGURU, AT BEFE ARG A
XS FRAE AT A2 XS AR . 28 IR 7 M iR G K U, B Y s A R R PED, H A 8
B, WE9H (b EIFLGEE (a) BEIBEAT e AR HAg 2. R IX8F A 1F 1 21
MeEglb, TATKIM @, (b) ZEMK, HILRERN2. FRILZS, EFHES
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BRGNP AR, i E = (o EW OB () BG4
RIKE. FONE () H=/% A Frbh—30H8 x 3 = 24M31E, 2 a1
REEERAE, FATKI AN EN K, P& ER () FRESCON6. 5
A L B * DO S A e i U ke S 1 i PR R e WL 1 A R
TR S B A NBORE, MG WITEA R0 38 b i AR5 80" A A0
KK RBORUEATEH . AR B2, FAT R 7 4o i B A fd 4 22 J5 10 DY 075 et A%
5B B B EcEn,, SRR R L EDAR T (2270 BURSOF BDEITE UL

R 42 F W HIRE B P B AT B R

Table4-2 the number of closed diagrams and open diagrams for each order

préc Rt EECE RiicE M ESCE WD RSE M T IREGE

1 0 0 1 1

2 1 1 3

3 0 0 10

4 4 3 36 10
5 0 0 129 22
6 12 7 477 58
7 0 0 1784 140
8 75 29 6668 390
9 0 0 24909 988
10 510 121 92748 2815
11 0 0 344907 7412
12 4284 698 1278092 21516

FSL b, bR LR 0 138 5 R R G ) Ph IR RO 2B fe A B I 2
B, e R ) A (d) FHSEEREN T, AT B E AT I E
i s KR Fom. e agrh, Af (o MEBCE & ZER 7 #. A
RE LUE Y, IR Al = K R A B R R, R T B S O

MR LT A, B AR AT I A R I B AT e =28 (D
MR R A I, (E 5 R R BRI B 1 i KR o; (2) T IS 25 18 4 X A
PR 10 R BB (3) I8R5 18 A G0 R $h S Rt — 2D T K 3R G i TR L

=

Ho

a2, BAPKRIFEREMSIEU K 7 (270 HokSEE. 381
fi kB, BAATRZ B 07 E 4 P I F7 Sk HE 7, Ok T 2 mp e e 0 B — ol (10
Bk, WAV Z NIdFEEE (process-chain) o 47544 LI B ¥ 1F 75 &5 4 1) LA 461
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0 [ .. E,
oﬂ‘—_io — . . 0y . . . . o
R £ K k £ oE
. . . . \e}.(e| . . . . . \eg(e| . . . .
<g‘ Hl (ngEg)al H, _‘g><g‘ H, (ES*ESJBQ H, |g>

4-10 — M BE & 12 IE [ process-chain fll Kato% VL At

Fig.4-10 One process-chain of energy correction Katolist
KU EEEH, WSk QLD . WREANG S —DEk—
Mg, WAFkt A4 = 24 R e, W& ETofrr, AT LS R —
PR RE L FREE, B e BIAR T 1423, FTA T 2 R R (e 0a)) (@) # 0, @) # )<
Xt BRI AR BEAT k. SRS LR DY B A BT I B A 1 Katolist P -0 AL IR SR
B, KMWRAAR)EE. X TR FIH AL ImiI R4, L ilprocess-chainkf i
A0 TE 0 TRy D o 1) KarofE(102) U BUTE, 26 455 — 1 8 0 9 5 Fy
FEEEMI TTIR G, G ZACE AT R, PRJE 3R LOZiE B I BCE, it a] BLAS 211X
P % BE B A2 1L Y DT iR

0.8, e o coBe
Gl B o)l B o)l B =S H )

(BO-E2)™1

4-11 —Floki T30k 5 Wiprocess-chain fllKato 5% VL fit

Fig.4-11 One process-chain of energy correction Katolist
452 EFHANMERLE

LR B SR AE Jy — Mo i LR S0 B R AR LA HAERT T, B
ToVFEAG T SRR D B R S e R — R A LS AR T B KR T
KA RAEIRATRE B RE PP (A R O T UE IR R AT R, FRAT R X R B
V238 H 3 G B s AT AR R b, R R G AR A R TR
BB HIAHIL T, JER e A5 RS W B EUR S T 92 T A5 B B 45 SRR L

SR 8 B -G A AR AL I 9 R S R IT VA T B XTSRS (%
SO WORASIIRER, FATH B RERIFIZEL, B DU ) SE R 7 2k 1T 1
B G EETD R, BT bjwo AR, DRI AR W) i I P R DT E A T
[fKatoBE(00a), T #F & & AF 1 R A 003), FitEAEEIEIE—FE, RATHFZLL

BERITHE ARG T (F70 BRSKEER: (D) X8 -EEE, LRE
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A S e () XA — AN R, Rt B VLR K BT A fIKato 55 (3D XF
B —PKatoff, TFEHEMRERE, JFHGERRLVERE, 153 ZKatoff 1
TUER: (4D K P BIKatoBE (W) oTmk n e ok, RIS TTER: (5 KT
A I R E ) TR N RS R I H e DLz R BT AR, 15 3R ) oTiEk: (60
¥ Fr A B ok in e ks vl LS B R ARk T (70 BIKESWREE. 45
BT RGWRT (7O WMAKESHEREMARGEMREES LG, WEHBIA]
AR B RS0 BN IA R & B R

T\
particle : —:1—Zﬁ§;>(—) (4-87)

hole : Z ﬁ(’)( ) (4-88)

m?E*Q’E%é}EqﬂEiE’J%BKTﬁEZ Tl 2 £ AH P TR A 2 AR 2 P )
ﬁﬁl&ﬁjﬂ DA BT 5 22 P Pade 7 A7 oK Ak B K04 LA IR 320 S ) AR 340 5T 1)
25 3o DA OO 1 45 R D9 B R U B B AT 0 Ab B R . HAR T 5 B e B
IR IS RS AT LS O

e Z Y ( ) (4-89)
B S0 1% A fBorel &2 4, T LIS F
B(z) = Z B 3 (4-90)

SR g % E 2 ffPadeds #, 9 mk 2 0 — /\,y\ B BRI T 2N I L B e Rl
APadelZ X, ULBEGF SRS i Ab i) Bt 2647 . BRI B 477 =0
P(x) = Zio—malxb)c 4-91)
Hofm +n = v, WAEHER N0 RELY, ol L5 E R e b {4 .
BRI 1 S R R R B BP (o) B F U x = 0 B 55 T 3R ATT BT 1T BB
(M R EpY. R iEFm =n=4, HATAEE L TFURHPOHIRIERN
1.26x* + 1.88x> = 3.21x* = 3.11x+ 1

P = 4-92
() = 500 —0.150 —0.14:2 3 0895+ 1 (4-92)
—1.27x* = 0.02x3 — 1.75x2 + 2x
Paomn(0) = 0.04x* — 0.1x3 + 0.12x2 + 0.13x + 1 (4-93)
SR 5 i Borel A% i ) i A% 4, B[
ﬁ(r) = f P(xt)e *dx (4-94)
0

AT CAAS B BSEAR I R — R R aF i . W RN, AP s, 9
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M RITIEE R (BRI SR ) AN 90 B R AL £ (DMRG) {E AL 45 2R
(B R 6 AR . 5 28U B2, 2 5 1 Ak 2 4 2 4 (1 I AT
#A T ANE, BRI TETTE R, A 4ERII (%, Padedt AN A& — FhAh4E
M7, B RN AR B R B I IE A0y 7 — R AR AT RO oL T
G ek, B s B AT SR A8 Y 45 2R

RA3 YR E BT I RS S B R

Table4-3 the up and low phase boundary coefficients of chain lattice

B %k LA B 058 IR AL
2 1/1 4/1 5/1
3 6/1 0/1 6/1
4 -113/20 -20/1 287/20
5 14263/150 -64/3 5821/50
6 ~1382729/3000 42473 -602243/1000
7 63434531/22500 -4096/9 8186059/2500
8 -296504213629/16200000  5932/81  -99230204543/5400000

t/U

Lo T Lo L I Lo T Lo L I
0.00 0.05 0.10 0.15 0.20 0.25 0.30

u/J
Bl 4-12 — 24 A I AH I PR AR R 102 s i A R T AR ], 10 20 6 p 2 2% B AR B
RS R

Fig.4-12 the phase diagram of the chain lattice: the black line represents the strong coupling

expansion result while the red dots represents the DMRG result

1M1 77 d i AR G R T 1) & B R0 3R aap s . B =P s M HET B G
SRR A AL (AL FIQMC FIMAHIL A (s R ALk
AAR/NEIREZ . 1B BRI & B TR I &G, R TT B, 3RA145 2
)45 3 520.06002, 5 & 755~ e 2 1) 45 2R0.05997 2 8] (1) 1R% Z 4EH /.
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R 4-4 IET7 G SR AR B & B R 2L

Table4-4 the up and low phase boundary coefficients of square lattice

B %k VAR U8 IR Ae B
2 “14/1 8/1 22/1
3 -120/1 144/1 -264/1
4 -9499/10 616/1 -15659/10
5 -286184/25 14832/1 -656984/25
6 -99329447/750 860416/9 -513092341/2250
7 -5931073654/3375 59722336/27 -4465455218/1125
8 -1257602099088101/56700000 1338421904/81 -2194497431888101/56700000

Kl 4-13 IET7 @A AR IR, BEMARR KR A & IR B, TG f &1 5%
LAk
Fig.4-13 the phase diagram of the square lattice: the black line represents the strong coupling

expansion result while the red dots represents the QMC result

B 1 I R SR T SR AR A T ORAIE W AR P i IE A VR 2 Ah, 3AT
R B -5 H AR R R A BB A RS PR T R B b ARPESE R HIEA
BRI 4, W R ERIE R G AT L s, A EE U A R
XA B T R Hco, TR T EE AN TE RS 2 i ST, AT
TR RS B H R A BT S B T & ey

T AR R B e T R B SRR AT U S D R B b n ey & SR
fKato £ow, AIddiid, EEMTIARMItERE, HILRNA R EER XS
IX LKato £on. B RELE R RN EMERITE AR, FHEBH
BB EE 2 1A% fl LR AR R AT, AR s A & T 8k, RAE
RL7 B E WS D0 AT I (HRAF AR E I, FRAT & R I s A 5 O i 1A
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Kl 4-14 p = 0.68F bR il 5B 26 1% A — iR T &

Fig.4-14 the up and low phase boundary linear fit and quadratic fit when y = 0.6
TR 2= AR TE A7 205 B8 1 R 380 S8 e A TR] o 6 BIE A 25 B i
o, B AR TR AR R TS R )RR SR T K s T SR A
FRIH, XER—DRT (250 NEiE B4 ke d e, HEAE R
i e A AT DA A SR G R B A R T T R R R . IR 2 T LR 5
ey iR EWEE, E-RT, BRER R SORER R, 07 A 54T H 5 e
KRR, ERERT ] SORE IR P Z 1A 32 AN A e A 55 = 20 1 S I e,
RUONERITE A RCA W, SN T AN AR K ELT, Bk, £ ey K
PG, n BB I 45 R T Bin + 2i W IKatoR R, ARG ILLE A B R A 1)
At JF Hoih T BHEA R R U5 iE R A B RN R R P BT R, A e Zi
AFEEEH TR, WEUR U, AT E R LS, RIS E RS A
AR S S AR, T AN AR 2 AT AR SRR S T A RO A A /5 201 55 B A
S RERIAT . DRt BATE A A B ORI R R AR AL R E R RN £,

n=2xK
= n=4 X n=6 XX
_ g ==
n=4 =504 = ] 5
O>—>x "2 g—X "=7g > X
(a) eg-diagrams (b) cy-diagrams (c) eg-diagrams

Bl 4-15 JURR T Heo B B
Fig.4-15 A few diagrams for calculating the EPLT coefficients [*!

B T HAT A RERGHIME, B AE R 8RR 7 3005 A0 75 A A 1 B
EA AR M 2. FONTEMartinftl T4 SCEPS 1, DR G TH K
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T AB RS E R E R E R, BATEX B A G HIRERERNE TR
Fi R % A BN EE R I LEBL. A P8R B2 38 ) LA SC &0 e 45 31 560 3 40 1)
FE e BATE R DR AE SR & T o IR RE, ORI S 2 A AT BRI 1 45 SR A1 4 21
T TIHr. L, TR B, W] PR R AR 1 T

o) = ) (-1'ay (4-95)
n=0

SAZAE B T A ZE Y TR R R R IR AE, AR R AR M R e, KB IN E,
TR o~y el R, X R R e RO R W 5 T % B R Sk AR
5 A2
= lim %2
% g
R4 (E9a) AT A s, AT CUVR A 5 S A R o e
BTG 55 By FA B e, R0 4 ] BRL £ K 2 [t MartinZ 552 10 25 BT 75 21 1) 25 SR — FERN,
ETaF AT AT PLUE B IX A AR HE RAE 755K P i g R
ARE A XK ETa A K 3R AT R, E BRI, BRIE A AR B i A
FR R Z W ENT w77k, Kb n] PLIE7E3 4E R0 i, B E A 23A
Mg RS TR i E I vk, KOV BIE A A B S 5o R
KFE MRS HE, GRS IE IR, X T misE R 7k
K, THEMERTFEWNE LTI LAM RERI ], e HBIEA RS E R
Kt BEAENR, AT ENEG —DAFE AL FE AT E, SRR TE

Ho

(4-96)

1O
0.8f
06f
>
3 L
0.4t
0.2t
0.0k
000 001 002 003 004 005 006
t/uU
Bl 4-16 IEJ7 @S AHEIRORT L AR RFRINER AR SR, RO aRrET
ELE R R NIELE S

Fig.4-16 Comparison of phase diagram for square lattice system: the black dots and red solid line

represent the EPLT and QMC results
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BEE TR, X /N, AR B AR e AU B B T iR AT T
bb, R BLUE [T S5 4 SRORURS Al A (e A UL 00 5 R A B 0 B - A A A
FERARHE L, BIIER 7R R IERE. £ /T, JAE LR
R SR T S P B S- 5 A 3034 O A £ D' R TR B R T R SR 1

4.5.3 HEBES- KA AR RBKETFRENETH

FEPRIE LB/ A IR, S-3¢ 8] J R 41R 30 B4 D' b A% m ) T R e B 925 A A I 3
(K1 R T B SE AR A R, BRATT R ZEAB i A R A 28 =0 tF S IR (R I %,
AN SR AN R R TR BT AR 1AM DAL I A R AR R R D
b, ETHR TR A5 RGE T B DL AT RS mUbL T B = 1 LR R e B, Rk, R
Z ARG R T EAE R R R LSO R LR SR AT . (H 2 DLFE R R
L2 AR e 1 TH S KO BN, AT AR K AR e A T S R . — S T AT A i
TR JT 8 BT B AN R HORL 7 B 25 i DU ZE R ek B B, R e AT AR A
—ANEE A, AR AR R R A <O T B 2 I AUE, R R RO
[ & AR BB BRI AT SRR BRI i, LIRS R AR T, Byt
I 28 4 (0 B 2R i Ak 25 18] TR T B o R AR B, BB, JRATT R B AR s A h oA
RGEMARH . 2 ERE Ry DS e A g2 8] i A i L R R
O MRS MG S R B (I R AT 4R 2R R 4R RUBE Y AR AR
JE R B R AL SR A AR RR ), SRR [ 0 % R S A 4 SR AR,
A AR B A ol BE AT B AER S 18] R A RS . AR SRR AR IR 2,
FEIX BLBATAL 25 1 S- e A PR IR B PR /0 T 55 T-2.42 IO (AR 18], RN FE B
I, O B &5 SRR B 25 R P 2t AD 35 00 BRI R e #1821, T B e B 0 46
ISZm BB, FATI Y BEI @B (25 /AN 2 208 R G BER .

Fle-T2fe-1825 tH 7 A FIRIETS 00 N AR (OMERITETTH) . 8 7RSSR
P BRI P, BRAT I B TES-E R R MO0.41K B (5 5 S8 4 R B I g5 R (lE=ah 11
WO D BEATXE, RBIAERCAMEIR (GOfg) MEERRP RS RT A
2% MWEET2H Al BUE ), BEEs- IRIERIIE R, RGN RS E
BEOK, IX A A Dy DUZE IR bR B2 A 2 RO BR AT AR R /. AR AT LA ik
I 28 495 1 R T R 3 - ey ) AR 7R R A AR SR B (B2 24 % 0 A s- AR i 8t —
AR %, FATKI RGBT oA, i EET8p R, B ardiaR
7NS- AR M D920 (A 1, i SR £ (19 B 2k R RS- SR 2.4 I A B XA
I 0 R B 2 A0 B -1 A P AR TR g AR I T B RO A TR B AT T BAHE
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0.07F

0.06 |
0.05 [

004

t/U

0.02 [

001}

0.00 £

B 4-17 HHRIEEVN O E: BEORaRRETERE ISR, SOKKNL, Be
M 2R 1 22 50 S AR IR R D045 LORITLS O B 6% ) 22 2
Fig.4-17 Phase diagram when the s-wave driven amplitude is small: The blue dots represents the
QMC simulation results and the green, black and red line represent the EPLT results when the
amplitude equals 0.4, 1.0 and 1.5 respectively

3 A0 i 110 2255 2R £ 78 7 52 Wi 1w LA BB S A S-98¢ S 9T R 1) 0 IR i PR I, R
gL SR R AR T AR A AL AL

4.6 R3KXTS-KEAHAEH R R ITL

H AT R4 7 REdE —Fr AR AL (1 E A RS B R, R Oy RATECE Bl B S- U
PRIE RGO, RGN R4 G2 B R S R AR ARV IR R — DS AR (HR
S B A S R A IR PR R, AN REHERR = R AR AR . LAS-IR A B A I
(1% W 924228 61, 25 FE AR AL I F i, BRATTHRIE ££ I 5 5 B3 2 & 72 J o 4
RERIE IR M oK il AL [ AR 25 0, (EDR i T 0B RGEH) — DR T AR B R
I BAR AR S A RORIE R IE N, A R R A AE D AMERIE
), WA RGN AT BEAS 2 R A SRR A 25 BB AS AR AR, X 5 4E Bl AR
I BIAT 928 PR R B SR 41— A T DL IR G 48 — B AH AR AE T EE ) L
BB RS P . AR AU A 5 B G B, AT SE X R G s
N AR GO AT S M, R )5 rT DS B AR G010 B B BEXT L &
It

F = fo+ el jI2 + caljl* + coljl® + O jI®) (4-97)

AT Z A A DR B DU B R 5 X AR BN B R O RO RATAE AL B & St
AR KB —Fr A2, AR U 28 — F A S, T — B A9 AR AR B WF T
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Fig.4-18 Phase diagram when the s-wave driven amplitude is large: The green solid line and black

dashed line represent the EPLT results when the amplitude equals 2.0 and 2.4 respectively

W IR RGN BB IR O A
F=F-jy—ju (4-98)
T LU/ B R G A 1 T

r=ﬁ—éwf+%mh(%—%awﬁ+mw% (4-99)
AT P BT S T R S I B A UM R A R %
(7 T G B sk S B, LR R 00 4R ARk 48 2R 1 B Y R B
S (TR, 5 % e 1 2R 5 1 A4 B 1R R 2 — B RS 2R
W R 510 B Mg b e KT 4 5 B T B 1 2 2 — b AS, (B
FayHar s BIE, 4 R G8E AE R — W HIAS. T 2 G600 T o BT L3

RIS T SRR AE, 15— A H i

V— (4-100)
2614

BT AEA AR BRI, ap R ZE IR W AR AL, DRI B AT DAAS HY R & 1) k2R 7 A 2
BRI AR, T T B A AR SR, R AT DA F:
1-as+ \a4d? - 3azag 4-101)

WI* =
3 dg
BT — M A AR 02 T i B A I/ B B R AR 1, b 3RATT AT DA E, AHAR
KERINE, REWRESERE TR,
BN R B2 W TT 2R 48 1 I SV 5T B A S- U ] B O ) AR i 0 3 R 1 AR Ak
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55 4 5 FA IR A ] A S-I U R O A% o 3t T R AR K R
N RS B IS H IR E U VR OR T S R G KB R B A E SO
ARAGEANN L MEEHEZZIN, RKRGEPREEFIEBE—Mr. —Bek
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